Abstract. Beginning from the hypothesis by Bjerknes [1969] that oceanatmosphere interaction was essential to the E1 Nifio-Southern Oscillation (ENSO) phenomenon, the Tropical Ocean-Global Atmosphere (TOGA) decade has not only confirmed this but has supplied detailed theory for mechanisms setting the underlying period and possible mechanisms responsible for the irregularity of ENSO. Essentials of the theory of ocean dynamical adjustment are reviewed from an ENSO perspective. Approaches to simple atmospheric modeling greatly aided development of theory for ENSO atmospheric feedbacks but are critically reviewed for current stumbling blocks for applications beyond ENSO. ENSO theory has benefitted from an unusually complete hierarchy of coupled models of various levels of complexity. Most of the progress during the ENSO decade came from models of intermediate complexity, which are sufficiently detailed to compare to observations and to use in prediction but are less complex than coupled general circulation models. ENSO theory in simple models lagged behind ENSO simulation in intermediate models but has provided a useful role in uniting seemingly diverse viewpoints. The process of boiling ENSO theory down to a single consensus model of all aspects of the phenomenon is still a rapidly progressing area, and theoretical limits to ENSO predictability are still in debate, but a thorough foundation for the discussion has been established in the TOGA decade.
0148-0227 / 98 / 97 J C-03424509.00 est interannual climate signal, is the first climate phenomenon shown to depend essentially upon coupled interactions of the dynamics of both ocean and atmosphere. As such, it has provided a prototype for laying the theoretical and modeling foundations of oceanatmosphere interaction in the tropics more generally.
Studies of ocean-atmosphere interaction have advanced rapidly for the tropical regions because at large scales each medium is strongly controlled by the boundary conditions imposed by the other. The large-scale upper ocean circulation is largely determined by the past history of the wind stress, with internal variability occurring primarily at space scales and timescales well separated from the seasonal-to-interannual scales that have been the initial focus of study. Major features of the tropical atmospheric circulation, averaged over timescales longer than a month or two, are largely determined by sea surface temperature (SST). Although the tropical atmosphere does have significant internal variability, the decorrelation timescales of these are sufficiently short that a conceptual separation can often be made between atmospheric internal variability and The presentation is nondimensionalized following JN to bring out a few primary parameters from among the many lurking in the coupled system. These are: /•, the relative coupling coefficient, which is the strength of the wind stress feedback from the atmosphere per unit SST anomaly, scaled to be order unity for the strongest realistic coupling; for tz -0 the model is uncoupled; 5, the relative adjustment time coefficient, which measures the ratio of the timescale of oceanic adjustment by wave dynamics to the timescale of adjustment of SST by coupled feedback and damping processes; scaled to be order unity at standard values of dimensional coefficients; and 5s, the surface-layer coefficient, which governs strength of feedbacks due to vertical-shear currents and upwelling, (us, rs, ws), created by viscous transfer between the surface-layer and the rest of the thermocline; as 5.• • 0, the effects of these become negligible.
A modified shallow water model with an embedded, fixed-depth mixed layer [Cane, 1979a; $chopf and Cane, 1983] 
Dynamics of the Uncoupled Tropical

Ocean
Wind stress is the primary feedback from the atmosphere to the ocean for ENSO variability, and the ocean response to that wind stress is approximately deterministic. Since the ocean supplies the memory of the system, the nonequilibrium response of the ocean is important. Theory for the adjustment of an uncoupled shallow water ocean to time-varying winds provided a prelude to TOGA (see work by Moore and Philander [1977] ; Cane and Sarachik [1983] ; McCreary [1985] for reviews) and has been extended during the TOGA period. We review this theory with emphasis on relevance to low-frequency motions such as occur in ENSO theoretical models. Part of the success of TOGA is arguably 14,266 NEELIN ET AL.: ENSO THEORY due to the ocean response at interannual timescales being reasonably well captured by linear or weakly nonlinear approximations to the ocean dynamics [Kessler, 1991; Arnault and Perigaud, 1992; Delcroix et al., 1994 ].
In the ICM above, the ocean dynamics is entirely linear and the limiting nonlinearity of the system resides entirely in the SST equation, so to the extent that its successes in simulating and predicting ENSO are valid, linear theory can be used to understand how the ocean provides memory to the system. This also implies that a separation can be made between short timescale motions and lower frequency motions. In a finite basin these have rather different properties. Recent TOGA theory suggests that it is useful to think about these differing timescales in slightly different ways. The long wave approximation, used in (1)-(3), filters all wave types except these and approximates them as nondispersive for zonal wavelengths long compared to the equatorial radius of deformation (about 300 km for the first baroclinic vertical mode). The Kelvin wave is trapped within a radius of deformation of the equator, with a Gaussian latitudinal structure, and propagates eastward (phase speed aiDout 2.5 m/s for the first vertical mode), while the equatorial Rossby waves have successively more complex structure and propagate westward. Sudden wind stress events in one part of the basin excite free wave propagation to other parts of the basin, and from the early days of TOGA it was realized that this could be important to interannual variability [e.g., Busalacchi turn into the interior, the system begins to approach its long-term steady response along the equator, although off-equatorial regions adjust more slowly because of the slower phase speed of Rossby waves at higher latitudes.
3.2.2.
Steady ocean response to wind forcing.
Along the equator the solution for the thermocline depth is dominated by the balance of pressure gradient with wind stress (neglecting the damping term in (la) = ß o set the thermocline depth along the equator a boundary condition on (6) is needed. For a case in which ocean adjustment proceeds quickly compared to the rate of change of the wind, so the ocean approaches equilibrium with the wind, there would be about a 150 ø phase difference between west and east. The lead of the western region gives the appearance of a slow eastward propagation. It should be emphasized that this is not a wave propagation in the sense of any individual free wave of the system but rather the sum total of the ocean response, which is not quite in equilibrium with the wind forcing. The slight departures from equilibrium, as measured by the difference from 180 ø lag, characterize the oceanic memory, which is so important to interannual variability. For the harder problem, that of going from SST boundary conditions, the crudest solution is just to notice empirically that convection tends to occur preferentially over warm SST. However, this relation is far from perfect, and there have been several attempts to justify shallow water type dynamics by a variety of physical mechanisms. One approach has been to parameterize convective heating as proportional to convergence, with an arbitrarily specified "convergence feedback" parameter [Webster, 1981; Zebiak, 1986] . Another has been to specify moisture in convective regions (typically as a given fraction of saturation) and use a lower level moisture budget to give convective heating [e.g., Neelin For TOGA studies this disagreement on mechanisms driving tropical flow was not a major impediment since mainly the wind stress feedback was required. For modeling in which heat fluxes become more important, notably over land surfaces, or in which details of wind stress matter, an improved understanding of tropical atmospheric flow appears essential.
Basic ENSO Mechanism
In describing our understanding of the basic mechanism that lies at the heart of the ENSO phenomenon we follow a loosely chronological outline. The approaches and models used fall naturally into an exploratory "early TOGA" phase, a "mid-TOGA" phase, characterized by articulation of dominant ideas, and an "end of TOGA" phase, which brought together some of the apparent contradictions of the mid-TOGA phase and opened new questions that will carry over into the post-TOGA era. The discussion deviates from strict chronology where ideas raised in one phase were more clearly understood in a subsequent phase. The first linear stability study in a coupled shallow water system was presented by Philander et al. [1984] .
Early
With SST proportional to thermocline depth, with a proportionality constant independent of space, and a Gill atmospheric model, an initial SST anomaly was found to grow and extend along the equator. Modes that grow under such assumptions about SST propagate eastward, as shown by Hirst [1986] . Similar eastward propagation may be found in work by Yamagata [1985] .
A mechanism for westward propagation involving zonal advection of an east-west SST gradient with warmer water in the west was noted by Gill [1985] . Hirst [1986, 1988] are shifted eastward relative to observed, but the cycle is not strongly sensitive to this. The typical stationary oscillation in SST may be seen, with the lead of the western basin thermocline-depth anomaly rela-rive to the eastern basin characterizing the subsurface memory. During the phase when wind stress passes through zero the thermocline depth signal is small on the equator, since the model is close to steady balance along the equator. The memory of the system is in the thermocline depth off the equator to the west of the wind, as seen in Figure 5 . As these off-equatorial anomalies are gradually fed onto the equator along the western boundary, they provide a sustained tendency of decreasing thermocline depth on the equator during a transition from warm phase to cold phase and vice versa.
SST modes and propagating variability.
Although Battisti [1988] for the maintenance of warm anomalies in an ENSO warm phase. This is, of course, no coincidence, as was found when subsurface memory and SST mode trains of thought were brought together in later TOGA. 1. Weak coupling is not a useful limit for understanding realistic regimes. The transition from uncoupled ocean dynamics modes (section 3.2) and uncoupled SST modes to behavior at realistic coupling involves many complex mergers between modes that radically change the behavior.
2. The case where wave adjustment times are relatively short compared to overall coupled timescales (the fast-wave limit case) loses the important source of oscillation due to subsurface memory but is useful for studying growth and mechanisms governing spatial structure of the coupled modes. A stationary (purely growing) SST mode with the same spatial structure connects to the oscillating mode with standing oscillation in SST in the most realistic regime. 
ENSO Irregularity and Interaction
With the Seasonal Cycle
While the oscillatory tendency of ENSO is now reasonably well understood, the origin of its irregularity is currently a major question. Spectra of observed ENSO time series have power at all frequencies, associated with the irregularity, but with preferred timescales giving rise to broad spectral peaks at roughly 3-5 years and, arguably, around 2 years. Rasmusson et al. [1990] found evidence for a quasi-biennial and a lower frequency 3-6-year peak. Jiang et al. [1995] , using multichannel singular spectrum analysis, corroborate this split of the ENSO variability and refine the low-frequency peak to be quasi-quadrennial. Interaction of quasiquadrennial and quasi-biennial bands has been examined by Barnett [1991] . Also at issue is the interaction of ENSO with the annual cycle. The tendency of ENSO to phase lock to the seasonal cycle has long been known, although aspects of the seasonal locking may vary from one decade to another [Mitchell and Wallace, 1996] . The main deterministic chaos hypothesis for ENSO irregularity is intimately associated with the nonlinear interaction of the ENSO mode with the seasonal cycle. We therefore discuss first some basic principles of the ENSO-seasonal cycle interaction then the routes to chaos. The weather noise hypothesis does not depend essentially on the seasonal cycle interaction, but is affected by it, and is discussed last. Useful insights into the system have been obtained from this approach, although such analysis can be rigorously justified only if the evolution timescale for the eigenmode is much faster than the changes in the seasonal cycle; this assumption is violated for the ENSO period, which is longer than a year. However, basic mechanisms by which the annual cycle affects SST are known: a main factor is that in spring, stratification tends to be large and upwelling small, while in fall, the converse holds [Battisti, 1988; Webster, 1994 In ICMs the transition to chaos occurs at very low amplitudes of the ENSO oscillation, and the question becomes: which behavior is more typical, chaos or frequency locking? Plate I shows a mapping of behavior regimes from more than 3000 runs of 500 years each from the JN ICM. Frequency-locked regimes with frequency ratios 1/n corresponding to one ENSO cycle every 5, 4, 3 or 2 years dominate the plot. Very small regions with frequency ratios m/n, e.g., three ENSO cycles every 10 years, are found at lower coupling values, just above the primary bifurcation. Chaotic regions are confined to relatively narrow slivers between the very stable 1/n subharmonic regimes. Parameters are uncertain within a subregion of the plot that gives dominant periods in the 3-to 5-year range. Since frequencylocked behavior covers more area than chaotic regimes, this model suggests a greater likelihood that the real system would fall in a regime that is frequency locked than in a regime with chaos in the slow components of the system. In frequency-locked regimes, noise becomes the default explanation for ENSO irregularity. However, the behavior in Plate 1 can be model dependent, so this remains an open question. Furthermore, the extent to which parameters that are fixed in this model change from decade to decade in observations is poorly known.
ENSO Interaction With the
Stochastic Forcing by Weather Noise
It is clear that there exists significant variability with short decorrelation times in the atmosphere. We remind the reader that at timescales sufficiently longer than the typical decorrelation time the spectral signature of such processes appears as an approximately white noise, which can then act on the slower components of the climate system. The effects of realistic noise applied to an HCM or ICM in a regime that would otherwise be periodic are sufficient to produce irregularity generally consistent with observed ENSO signals. In power spectra the main spectral peak is broadened and rises modestly above a noise background. Thus weather noise appears to be a very viable explanation for ENSO irregularity. The spectral signature in the presence of noise typically differs from models with irregularity induced purely by chaos, which tend to retain fairly sharp dominant spectral peaks. The turnabout between warm and cold phases of the ENSO cycle is now thought to occur by subsurface ocean adjustment, which we refer to as the subsurface memory paradigm. A simple model articulated during mid-TOGA, the SSBH delayed oscillator model, provided an example of how ocean adjustment processes of a single Rossby wave, reflected at the western boundary as a Kelvin wave, coupled to a localized point wind stress anomaly responding to a point SST anomaly, could produce cycle behavior. Evidence that ENSO is inherently a cyclic phenomenon comes observationally from a broad spectral peak in ENSO time series and from a consensus of underlying cyclic behavior in ENSO models. In most models the cycle arises by instability of a cyclic mode which equilibrates to a nonlinear cycle. Multiple equilibria that give warm states and cold states in ENSO models by shutting down or increasing the cold tongue have been shown to be spurious by-products of flux correction. The nonlinear cycle in ENSO models is only weakly nonlinear, in the sense that the spatial structure of the variability and the dominant timescale are determined by the leading coupled mode of the system linearized about the climatology. Current success in modeling and predicting ENSO with intermediate coupled models provides strong evidence of this weak nonlinearity. This, no doubt, contributed to the success of the TOGA program.
Although the inherent ENSO period can be understood from the linear problem, the processes setting the timescale are not simple. The ocean dynamics in the low-frequency ENSO coupled mode are not closely related to any mode of the uncoupled ocean. Because the frequency is much lower than the basin crossing time for Kelvin waves, the best prototype for ENSO mode behavior from uncoupled oceanic dynamics appears to be the periodically wind forced case first examined by Cane and $arachik I1981] and Philander and Pacanowski I1981]. At these frequencies the ocean is nearly in balance with the wind stress along the equator, but the region off the equator, especially west of the wind stress region, has slower adjustment times and so provides a source of memory to the system, creating a small but insistent tendency in equatorial thermocline depth that can carry the oscillation between phases. The period reflects a competition between this memory term and feedbacks involving the part of the thermocline that is in steady balance with the wind stress. The period in ENSO models thus tends to depend considerably on parameters.
Some ENSO models possess chaotic regimes arising through interaction of the slow components of the ocean-atmosphere system with the seasonal cycle. Other scenarios for ENSO chaos have also been noted. Chaotic regimes do not occur everywhere in the realistic range of parameter space. Stochastic forcing by uncoupled atmospheric variability (weather noise) disrupting an ENSO cycle that would otherwise be frequency locked to the annual cycle appears to be an equally viable explanation for ENSO irregularity. The two explanations share some features and are not mutually exclusive.
What Lies Ahead
Although these areas are still subject to debate and investigation, here are some guesses on the basis of what is known at the end of TOGA. It is hoped that a simple consensus model will soon emerge that provides quantitative insight into the dominant ENSO period and that excludes the spurious nonoscillatory instabilities associated with flux correction found in current models. Such a model must capture the importance of subsurface memory, as did the simple model that so aided progress in mid-TOGA, the delayed oscillator model, hopefully in a simpler, algebraic system. It would be useful to retain in a simple model more accurate spatial structure than in point-coupling models, allowing it to meet some of the observational challenges such as those posed by Picaut et al. [1996] . A more quantitative explanation of ENSO period that includes detailed balance between the several mechanisms that interplay in ENSO, including the recent evidence for importance of zonal advection, would be beneficial. The question of whether the ENSO mode is unstable, leading to a selfsustaining cycle, or stable, sustained by noise, should be better substantiated. In the former case the modeling community must elucidate the energy source, currently a glaring lack in ENSO theory.
The role of weather noise should be refined, building bridges between the observational community that works in terms of specific events and the theoretical community that thinks in terms of ensemble properties.
The mechanisms of seasonal phase locking of ENSO (or lack thereof) are in the process of being clarified by current debates. We anticipate considerable progress in bringing together theory for ENSO variability and ocean-atmosphere interaction within the tropical climatology.
In atmospheric models, gaps that are in the process of being filled include: building intermediate atmospheric models that treat tropical moist convection, radiation, and clouds better than the simple models, while remaining less complex than AGCMs, and attempting to re- 
